Present TT&C communication with distant probes is carried out with a single link dedicated to each probe. During the pass the ground antenna is exclusively assigned to this link. The current international exploration mission model is such that several spacecraft may be observable close to each other in the sky. When several spacecraft are within the antenna beamwidth, it is possible to use a ground station antenna to communicate simultaneously with them. The advantage of this concept is the availability of a larger number of ground station support hours for the missions without the need of additional infrastructure since one station is able to provide simultaneous support to more than one mission. The implementation of multiple spacecraft support is quite straightforward for the downlink but presents several problems for the uplink. This paper describes alternatives for the implementation of multiple uplink with special emphasis on the operational requirements for telecommand, telemetry and ranging/Doppler tracking of each spacecraft and on the independence of each link relative to the others.
I. Introduction
Traditionally, TT&C communication with (deep) space probes is carried out with a single and dedicated link to each probe. The initial concept of a dedicated ground station per mission was changed a long time ago to a more efficient philosophy of multipurpose stations that are assigned to each particular mission during a specified time. During the pass, however, the ground antenna supports only one single link.
Presently there is a large demand of support by Deep Space Antennas (DSA). On one side the increasing number of missions at Lagrange points (L2 mainly), combined with the high downlink data rates allowed by a DSA, generates a large request of DSA tracking time for Lagrange missions. On the other side there is an increasing number of Deep Space missions, especially at Mars, that can only be supported by a DSA. The combination of both factors makes the DSAs a rare and valuable asset whose time shall be efficiently employed.
The objective of this work is to provide more DSA support hours to the missions without building more antennas. The idea is to use a ground station antenna to support simultaneously two (or more) spacecraft as long as the spacecraft are within the antenna beamwidth. In this case the support time provided by the antenna will be multiplied by the number of simultaneous missions supported. The clear benefit is a larger tracking time provided by the ground station at the cost of some small investments (compared with the cost of a complete new station).
A. Present situation
The use of the same link between various users is an old technology already started with the telephone cables. Many voice channels were frequency multiplexed to share the expensive long distance coaxial cable. Many multiplexing techniques are employed since the early times of satellite communications: Frequency Division, Time Division, Space Division and Code Division. For cases where different users had to access to the common resource (like small terminals to a common satellite) the word Access was added to the multiplexing technique originating the widely used acronyms FDMA, TDMA, SDMA and CDMA, where the common DMA acronym stands for Division Multiple Access. In all these cases, there were always several ground terminals accessing a common resource that was the satellite. Now we want to consider just the opposite configuration: a common Ground Station communicating simultaneously with several satellites. In particular the TTC links will be addressed. TTC links have not considered the use of multiplex until recently. The reasons are various, among them the very narrow beamwidth of the large ground station antennas that limit the fraction of the sky covered.
Multiple Spacecraft per Aperture systems 1 were first studied by NASA 15 years ago. In light of recent mission requirements, ESA has also started to investigate how to implement MSPA 2 in the ESA network and the issue is being discussed in the RF&Modulation Working Group of the CCSDS (Space Link Services). NASA has the capability of supporting simultaneously TM downlinks for two spacecraft in parallel (only one in coherent mode, the second in non-coherent) but only one of them can support TC uplink and coherent RG. ESA stations can also provide a similar support. We can consider that there is already an easy and economical way to provide MSPA support for the downlink, but the solution for the uplink is not yet there. The uplink is not completely independent from the downlink and possible impacts shall be considered when trading off the possible alternatives for uplink in order to provide a complete solution (uplink+downlink).
II. Limits of Multilink
There is a fundamental limitation when considering an MSPA system. All the supported satellites have to be inside the antenna beamwidth (the 50 mdeg in Table 2 are like a 1mm dot at one meter distance, the end of your arm). Typically the antenna beamwidth is defined as the angular aperture at which the gain of the antenna (and therefore the EIRP) is reduced by 3 dB. This reduction of gain will affect also the G/T of the downlink. For our application this reduction of gain is not acceptable in the uplink or in the downlink and we shall limit the gain reduction to a more reasonable value of 1 dB. In reality, this value is not a hard limit. Higher losses (and larger diameters) can be considered if the link margin allows for them.
As can be deduced from the numbers of Table 1 , there is little opportunity of a Multilink for L2 (or L1) missions. Only spacecraft separated by less of 1000 km can be supported simultaneously in X Band and this will not be the nominal case. The situation changes for the Mars scenario. Here the footprint of the ground antenna varies from 35,000 km to 250,000 km. Missions orbiting Mars will normally be inside this circle. The diameter is reduced to 10,000 km for Ka Band but still many of the missions will be inside it.
A second limitation is the available resources at the Ground Station. The EIRP of the ground station is limited. There are different ways to multiplex several signals in the uplink, but for all the cases the power has to be distributed between the different telecommand streams, the uplink ranging signals and, in some cases, remnant carriers that will help the acquisition process.
III. Concepts for Multiplexing

A. Multiplexing techniques
As mentioned above, there is a large heritage on how to share a satellite between many users. The same concepts can be applied to our case. There are four parameters than can allow to discriminate between different users in the four types of multiplexing or multiple access techniques: 
Space Division Multiplexing
Space division is widely employed by satellite communications or mobile phone networks. SDM is based on the presence of several antenna beams. Different antenna patterns cover different areas allowing to send several signals, one per beam, at the same time, the same frequency and (if applicable) with the same code. The discrimination between signals is made via the selectivity of the antenna. This type of multiplexing technique cannot be applied for our application with only one beam.
Time division Multiplexing
Time division is also widely employed on satellite communications from the early systems (ALOHA) and is also present on GSM networks. The signals corresponding to the different spacecraft are transmitted one after the other in bursts. Typical duration of the burst is much smaller than one second. TTC space communications use long acquisition procedures to ensure the reliability of the acquisition and of the link. This point is especially critical for Deep Space communications with long round trip delay times. These factors prevent of the use of TDM(A) for TTC space communications.
Frequency Division Multiplexing
Frequency division is the oldest multiplexing technique. The modulation of different AM radio signals on different carriers is a simple frequency division multiplexing. The different signals are placed on different positions of the allocated spectrum. The way to discriminate between the received signals and select the desired one is via filters (dotted lines). This is the way we can presently discriminate the different signals coming from concurrent missions in Mars. Missions are on the same antenna beam (no space division), simultaneous (no time division) and have no code division. The use of different frequencies is the only way to discriminate both signals and select the desired one as can be seen in Figure 2 . In this case, MEX and MGS signals are filtered by one of the two different filters (typically at IF/demodulator level) to select the desired signal and reject the other one.
Code division Multiplexing
Code division is performed by multiplying the signal with one code of a family of codes that have very special characteristics. These codes have "pseudo-noise" spectrum, the cross correlation of two different codes is close to zero and the autocorrelation is very high. The result of this product is added with the other products (other data channels multiplied each one by a different code) and then transmitted. The receiver will multiply again the sum of products by one of the codes. Since the cross correlation is almost zero, all the signals multiplied by a different code in the transmitter will be cancelled out. The signal of the same code will be "amplified" because the autocorrelation is very high. Selecting the code at the receiver, the receiver can decide which one of the transmitted signals has to be received. It is worth to highlight that all the signals are transmitted simultaneously at the same frequency.
Combined techniques
The four previous basic techniques can be also combined. Modern systems like cellular phone networks use a combination of different multiplexing techniques.
B. Uplink and Downlink
Uplink and Downlink are very different. Some of the differences have a big impact on the performances of the different multiplexing techniques and the optimal techniques for each link may differ. The complete system shall provide a solution for all the services: TC uplink, TM downlink and ranging. TC uplink and TM downlink are quite Uplink signals are all generated at the same place, with the same frequency reference and are coherent and synchronized. Downlink signals are generated at different places with different frequencies due to the different Doppler signature of each spacecraft and not synchronized.
IV. Alternatives
To generate a map with the possible alternatives, it is necessary to look at the combination of the possible multiplexing techniques and the different levels at which multiplexing can be applied (data, subcarrier and carrier).
Space division, based on the presence of several antenna beams, cannot be applied with a single antenna beam. Time division cannot be applied at carrier or subcarrier level because the very short time slots are not compatible with the long acquisition procedures and round trip delay time of a satellite link, especially for interplanetary missions. Time multiplexing can be applied at data level. The different data streams can be multiplexed in one single data stream and later modulated over a single carrier.
Classic TTC signals modulate the TC data over a subcarrier and then over a carrier. Frequency multiplexing can be applied at both levels: subcarrier frequency multiplexing (SFM) and carrier frequency multiplexing (CFM).
Code division techniques can involve different types of families of codes. Each type has particular properties that make the code more or less suitable for a particular link application. The systems that involve CDM are applied at data level, do not have subcarrier and use a single carrier.
The possible combination of alternatives for the uplink and downlink and the use of two or more techniques simultaneously generates a large number of possibilities. References 1 to 4 analyze some of them. This paper will only look at the ones considered more realistic at this time.
V. Near term solutions
A. Limitations
The analysis of the different ways to implement an MSPA system shall consider also the restrictions of the currently flying missions. Spacecraft are designed many years before the launch and can operate for long periods of time (SOHO is still operating since 1995 and Voyager since 1977). Changes on the on-board equipment are problematic shortly before launch and not possible after launch.
The solutions that do not imply changes on the flight hardware can be operational in a short period of time (near term) only by implementing the required changes on the ground station.
B. Alternatives
The list of possible solutions for near term is restricted by the fact that no changes on the on-board equipment are allowed. The following solutions have been considered:
Single Uplink carrier (SC-CCSDS-PT) -Frequency Division Multiplexing (FDM) in downlink.
This is the present situation, a single spacecraft uplink with a multi-spacecraft downlink. It is included for completeness. This option employs a Single Carrier CCSDS Packet Telecommand (SC-CCSDS-PT) on the uplink and Carrier Frequency Division Multiple Access (CFDMA) on the downlink. This option implements a single coherent link (uplink + downlink) and additional non coherent downlinks (at different carrier frequencies). This scheme is presently in use. The services supported are TC, TM and RG for only one spacecraft and non-coherent TM reception (without TC and RG) for the other spacecraft. Doppler, crucial for DS missions, and ranging can be done only for the coherent link. The non-coherent downlinks have to use wider PLL bandwidths in GS reception to cover for the on board oscillator uncertainty and phase noise. This wider PLL bandwidth impacts on the link budget. It has to be noted that the uplink frequency of each spacecraft is different and only one spacecraft can receive the uplink at a given moment. The different spacecraft will be supported in uplink sequentially (this can be considered a sort of TDM).
This option is the simplest one and does not demand any modification on the Spacecraft HW. The reception part of the GS needs little modifications, i.e. the addition of several parallel receiving chains (in some cases the present architecture can already provide a limited support to this scheme). Depending on the interferences between carriers, the system can be used with already flying missions.
Carrier Frequency Division Multiplexing (CFDM)
This option implements the different links with a classical frequency division multiplex in the uplink and the downlink by using Carrier Frequency Division Multiplexing (CFDM) with CCSDS Packet Telecommand (CCSDS-PT) for each carrier on the uplink, and Carrier Frequency Division Multiple Access (CFDMA) on the downlink. Frequency coordination is required to ensure that there is no interference between both missions. One possible implementation of this option would be a simultaneous S Band and X band link. This option is already available at the New Norcia Station. The services supported are TC, TM and RG for all the spacecraft.
The implementation of this option does not require any modification on the Spacecraft HW or SW. The reception part of the GS needs small modifications as described in the previous point. The transmit part of the GS would require modifications. The main problem is the generation of intermodulation products (IM) in the High Power Amplifiers (HPAs) and antenna radiating elements. IM of the HPA will fall inside the transmission band and have to be below the internationally specified -60 dBc requirement for spurious. The use of linearizers and back-off of the HPA will reduce the IM products level but a requirement of -60 dBc seems too demanding for present technology. The use of 2 HPAs each one amplifying one carrier on one polarization does not generate IM products. Passive intermodulation products (PIMP) in the antenna radiating elements generate a high noise floor in the reception band.
Operationally this option does not impose any restriction on the operations; the different spacecraft will be operated independently. An assessment on the link budget of every involved mission is also required to verify the minimum EIRP needed per mission.
This option would be easy to implement but demands detailed studies, analysis and field testing campaigns to characterize the uplink degradations and conclude on its viability and limitations: 1) Intermodulation characteristics of upconverter and HPA 2) Advantages of linearizers and back-off 3) Degradation due to effects of intermodulation in uplink 4) Noise burst due to PIMP in radiating elements (Feeds, BWG, reflectors, …)
VI. Long term solutions
A. Limitations
Long term solutions are those that require changes in the spacecraft. These changes necessitate a long time to go through the complete qualification process before being implemented in a flying mission. The advantage is the absence of limitations when designing the TTC communications system.
B. Alternatives for uplink 1. Single carrier, CCSDS Packet Telecommand (SC-CCSDS-PT) data multiplexing
All the TC data are multiplexed and a single uplink carrier is modulated with the telecommand for all Spacecraft using a CCSDS packet telecommand on a single subcarrier. Since the CCSDS standard 5 for uplink telecommand allows addressing of a Spacecraft, the commands addressed to a specific Spacecraft will be responded by that Spacecraft after identification (ID) of the address in the segment or packet headers. It shall be noted that the Spacecraft ID addressing is not allowed for this use (one Spacecraft corresponds to one physical channel) in the present standard but can be proposed as an evolution on the standard. Two additional remarks have to be made: the need of complete compatibility of the protocols among the different receivers and the transmitter, and the need to This option imposes important restrictions on the acquisition procedures of additional Spacecraft once the first link has been established (or if one of the already locked Spacecraft unlocks). A second sweep to lock the second spacecraft (while the first Spacecraft is already locked) would be feasible in Near Earth (only some seconds are needed to cover the complete sweep range), but is not practical for a Deep Space Link that uses carrier pre-steering. A modification on the acquisition procedures with the addition of autonomous on board acquisition capabilities would solve this limitation.
One drawback of this alternative is the limitation when transmitting to spacecraft with very different performances like an orbiter with a high gain antenna and data rate and a lander with a small antenna and low data rate. The total link data rate is limited by the worst receiver capabilities.
Subcarrier Frequency Division Multiplexing (SCFDM)
This option is similar to the previous one (SC-CCSDS-PT Uplink) but uses the two telecommand channels allowed by the CCSDS. Each TC stream is modulated over one subcarrier allowing a higher capacity of the TC channel at the cost of a distribution of the uplink power. The resulting spectrum is shown in Figure 4 .
The implementation of this option asks for an important change on the Spacecraft transponders that are not prepared for multiple TC subcarriers. Also the GS modulators need to be modified to accept two data streams and generate a modulated signal with two subcarriers.
The operational limitations of this option are similar to the limitations of the previous option. The main advantage is the increased TC throughput. The main disadvantage is the interchannel interference and cross modulation present in the uplink due to the phase modulation non linearity and the presence of two subcarriers. The uplink subcarrier frequencies and modulation indexes shall be chosen adequately.
Code Division Multiplexing (CDM)
The interest of code division is the complete independence of each signal. A CDM receiver is able to lock autonomously on the carrier. Each channel provides independently telemetry, command and ranging services. The main drawbacks of CDM are the higher complexity of the receivers and the longer acquisition times, typical of spread-spectrum communications. Operationally this option offers several parallel uplink channels and each one can work independently from the others and at different data rates (each one even can be reconfigured dynamically).
There is an important background on CDMA communications that can be considered. The feasibility of CDMA technology was demonstrated with the commercial North American DS-CDMA cellular standard (IS-95) and is the technology for UMTS or 3G. Looking to closer space applications, NASA has operated the TDRSS system (which is based on CDMA) for several decades. ESA has also systems operating DS-CDMA in the ARTEMIS and ATV programmes. GPS satellites employ CDMA technology and Galileo TTC transponders have a spread-spectrum mode. Those systems are all Near Earth systems but provide valuable information on the practical behavior of the CDMA systems in space and can be considered before implementing any Deep Space CDMA system with much higher Doppler shifts and Doppler rates.
A detailed description of this option can be found in reference 1 including the characteristics of different families of codes that are considered more suitable for uplink or downlink.
This option demands for complex developments on the Spacecraft transponder and also on the GS hardware. The Spacecraft Deep Space transponder has to be completely re-developed even if the know-how on DS-CDMA transponders already developed for near Earth applications can help. The GS modems also need to be re-developed. The combined CDM signal has no constant envelope and is affected by the non-linearity of the uplink chain. The degradation introduced has to be analyzed.
Obviously, the proper CDMA codes and schemes have to be selected, harmonized and approved at CCSDS.
Figure 4 SFDM uplink/ CFDMA-ATFR. Spectrum of Subcarrier Frequency Division Multiplexing in uplink and Carrier Frequency Division Multiplexing (Adjustable Turnaround Frequency Ratio) in downlink
C. Alternatives for Downlink
There are also two different alternatives for the downlink. Both options consider a single uplink with a common carrier frequency for all the spacecraft. The services supported are TC, TM and RG simultaneously for all the spacecraft.
Carrier Frequency Division Multiple Access-Adjustable Turnaround Frequency Ratio (CFDMA-ATFR)
The different downlink frequency carriers (Carrier Frequency Division Multiple Access, CFDMA) are generated coherently by using Adjustable Turnaround Frequency Ratios (ATFR) on the Spacecraft transponders. The implementation of variable turnaround frequency ratios was very complex with analogue transponders but it is easy to implement on the modern digital transponders by means of NCOs and DSPs.
The implementation of this option implies some inter-mission coordination of the different turnaround frequency ratios in the different spacecraft and a specific design of the on-board transponders to implement the non-standard turnaround frequency ratios. The reception part of the GS needs little modifications (in some cases the present architecture can already provide a limited support to this scheme). The requirements on frequency ratios and frequency allocation make this schema applicable only to future missions.
Operationally this option imposes important restrictions on the acquisition procedures of additional Spacecraft once the first link has been established (or if one of the already locked Spacecraft unlocks). A second sweep to lock the second spacecraft (when the first Spacecraft is already locked) would be feasible in Near Earth (only some seconds to cover the complete sweep range), but is not practical for a Deep Space Link that uses carrier pre-steering. A modification on the acquisition procedures with the addition of autonomous on board acquisition capabilities (Fast Fourier Transform based for instance) would solve this limitation.
Code Division Multiple Access (CDMA)
Code division multiple access in the downlink applies the same techniques of the uplink. Different families of codes shall be employed to cope with the lack of coherency and synchronicity of the different downlink carriers. The RG is implemented in a regenerative way. The RG code of the uplink is detected and the epoch used to synchronize the downlink code.
In a similar way of the CDM uplink, developments on the Spacecraft transponder and also on the GS hardware are required. Proper CDMA codes and schemes have to be selected, harmonized and approved in the CCSDS.
D. Working combinations
There are some combinations of uplink and downlink techniques that are considered more suitable: All the alternatives require that the uplink frequency is the same for all the implied missions. SC-CCSDS-PT/CFDMA-ATFR requires less changes in the technology and is easier to implement. The drawbacks are the limitation on TC throughput (making this alternative interesting for missions with low TC data volume), and the need of operational procedures for the acquisition of a second spacecraft when the link of the first spacecraft is already established.
SCFDM/CFDMA-ATFR allows a higher TC capability than the previous option. The price to pay is the generation of intermodulation products. The modulation can be made digitally without intermodulation products but then the signal does not have a constant envelope, impacting the performances of the ground station transmitter. The problems of the acquisition of the second spacecraft are also present. Despite the large heritage from Near Earth CDMA communications, Deep Space links impose higher Doppler ranges and rates and lower signal to noise ratios that make the acquisition process more difficult. With more than one spacecraft, the uplink carrier does not have a constant envelope, with the consequent reduction of available uplink power.
VII. Impact on operations
The implementation of an MSPA system does not only imply the need of technical developments in the ground stations (for the short and long term options) and in the spacecraft (for the long term options). Like the evolution from mission dedicated antennas to multipurpose networks, the presence of several simultaneous links has impacts on the way to operate the system.
A. Different acquisition schedule and Doppler
This problem is present in the systems based on a single uplink carrier, not in CFDM or CDM. For CFDM each carrier is independent and can be swept for the acquisition when required. For CDM, the carrier is not swept and the spacecraft acquires autonomously the uplink.
Since all the spacecraft will be orbiting the same planet (i.e. Mars), the Doppler generated by the Earth rotation and the relative velocity between the planet and the Earth can be compensated. Unfortunately the orbits around the planet (or the rotation of the planet surface for landers) is different for each spacecraft with an upper boundary of 100 kHz for X-band at Mars. The oscillators uncertainty has to be added on top of this value. Additionally each spacecraft appears (BOL) and disappears (EOL) behind the planet at different moments.
After the carrier is swept and acquisition of the first spacecraft occurs, the modulation for TC uplink and RG can start. When the second spacecraft appears, several options can be considered:
1) The carrier frequency is kept between the two spacecraft's rest frequencies. On-board receivers shall implement autonomous acquisition, a technology already developed but not qualified. 2) After acquiring the first spacecraft, the carrier frequency is slowly moved to the value required for the second spacecraft and, when the second spacecraft is ready for acquisition, the uplink is swept again for the second spacecraft. There will be some additional loop stress in the first spacecraft PLL but a careful approach should prevent its unlocking.
B. Acquisition with modulation
The two presented options for acquiring the second spacecraft have an additional problem. The acquisition of the second spacecraft occurs with TC data and RG signals modulating the carrier. The spectrum of a modulated signal may present spectral lines close to the carrier. Deep Space missions can use low TC data rates (down to 7.8125 bps). When the TC data rate is lower than the carrier PLL bandwidth, the transponder can lock on one of the modulated sidebands.
Special techniques to perform acquisition with modulated carriers and avoid locking on modulation spectral lines have to be developed.
C. Virtual ground stations
The main impact for the operations concept is the fact that the ground stations can establish links with several missions behaving like several different virtual ground stations. The scheduling process has to consider that not all the combinations are possible.
The scheduling tool now allows to assign one antenna to one mission generating a conflict when more than one mission requires the same antenna. The scheduling tool has to evolve to provide support to several spacecraft over the same antenna. A clear definition of allowed and forbidden combinations of simultaneous spacecraft support is required.
Some control elements of the ground station have to be modified to cope with the presence of several missions simultaneously. The Station computer is presently a single spacecraft platform. The RG processor is also prepared for a single satellite. Pointing data file (STDM) and Doppler profiles are different for each spacecraft. A new STDM has to be generated defining a trajectory that is the "center" of the multiple supported spacecraft.
Several station parameters depend on the particular mission and presently there is only one file (one mission) with the parameters to be programmed. It will be necessary to classify the parameters and allow each mission to set its own parameters. The missions supported with non-coherent TM reception will have to use wider PLLs with an impact in the link budget.
D. Definition of priorities
Under nominal conditions, there shall not be conflicts between the simultaneously supported missions. Unfortunately there are some unexpected events that may prevent the implementation of the multilink. Failure of ground station equipment, unlocking of one of the spacecraft, or emergency situations arising during the link will require the definition of a clear list of priorities. Some missions may end up having reduced support (i.e. no redundancy).
Present ESA DSAs can support three parallel downlinks with no redundancy allowing in principle one coherent TC+TM+RG link plus 2 non-coherent TM links. If one of the three IF/demodulator chains fails, only two spacecraft can be supported, etc.
VIII. Conclusion
The maximization of the support provided by the ground stations is a constant objective to reduce operations costs. The capability of supporting simultaneously several spacecraft with a single antenna (MSPA-Multiple Spacecraft per Aperture) will multiply the support time that one antenna can provide. The limitations are the need of all the spacecraft to be inside the beamwidth of the antenna (50 mdeg for a 35m dish at X Band). This situation is very likely to occur for spacecraft orbiting around (or landed on) the same distant planet (Mars, Mercury, Venus, …).
There are several alternatives to implement an MSPA system. Two scenarios have been considered, a short term scenario, for which no modifications are allowed on the spacecraft and a long term scenario, for which both spacecraft and station systems can be completely redesigned.
The analysis of the different multiplexing methods and possible combinations has been reduced in this paper to a limited set of alternatives for both scenarios. Some alternatives provide limited MSPA support with small changes, others provide a more comprehensive support at the expenses of large modifications to the current systems. The alternatives have been described and the necessary developments identified.
The presence of several spacecraft implies also changes on the way to operate the missions. Some of the changes will depend on the MSPA system implemented. 
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